Abstract The development of multispecies oral microbial communities involves complex intra-and interspecies interactions at various levels. The ability to adhere to the resident bacteria or the biofilm matrix and overcome community resistance are among the key factors that determine whether a bacterium can integrate into a community.
Introduction
Several hundred different taxa of bacteria contribute to the complex ecosystem in the oral cavity [1] [2] [3] [4] and form highly structured, multispecies communities that are responsible for two major human oral diseases: caries (tooth decay) and gingivitis/periodontitis (gum diseases) [5] [6] [7] . The resident bacteria of the oral microbial community carry out a plethora of interactions at various levels to form sophisticated, multispecies biofilm structures, perform physiological functions, and induce microbial pathogenesis [8] [9] [10] [11] . The development of these oral microbial communities, especially the sequence of adherence to host tissue by the early bacterial colonizers, as well as the subsequent recruitment of intermediate and late colonizers to the already attached microbes through coadhesion have been well investigated [8, 10] . However, most Xuesong He and Wei Hu contributed equally to this work.
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The online version of this article (doi:10.1007/s00248-011-9989-2) contains supplementary material, which is available to authorized users. of these studies have focused on in vivo observation of biofilm formation and its architecture or in vitro investigation of oneon-one adherence event [8, 10, 12, 13] , while detailed knowledge regarding how a bacterial species can integrate into an existing community remains to be examined.
During the development of highly structured microbial communities, the incoming bacteria must be able to attach to resident members or the extracellular matrix and, more importantly, overcome the invasion resistance in order to integrate into the community [14] . Recently, we demonstrated in vitro that the cultivable predominantly Gram-positive oral microbiota of mice (O-mix) developed invasion resistance and responded to the presence of the Gram-negative gut isolate Escherichia coli by producing hydrogen peroxide (H 2 O 2 ). E. coli cells are more sensitive to this bactericidal agent than the oral isolates comprising the O-mix, thus resulting in selective killing of the "intruder" [15] . Further analysis revealed that the lipopolysaccharides (LPS) of E. coli were the main determinant responsible for triggering the H 2 O 2 production by oral communities [15, 16] .
The intriguing observation that the oral community has the collective ability to protect itself from Gram-negative species such as E. coli that are not typically part of the normal oral microbiota naturally raises the question how Gram-negative oral species are able to integrate into the oral biofilm. We chose Fusobacterium nucleatum as a model oral Gram-negative microorganism since it is ubiquitously found in the oral cavity of humans and other mammals, including mouse and dog [17, 18] . While commonly regarded as a subgingival bacterium, F. nucleatum has been frequently isolated from supragingival and saliva samples [19] [20] [21] which harbor microbial population dominated by Gram-positive species [22] [23] [24] . F. nucleatum has been suggested to play an important role in biofilm community architecture due to its ability to adhere to a very large variety of different microorganisms [9, 10] , and detailed molecular studies have revealed the membrane components involved in co-adherence with other oral bacterial species [25] . However, many of the previous studies were performed in vitro at the dual species level and little is known about the effects exerted by other bacterial species on F. nucleatum during its integration into oral multispecies communities. Considering that our previous studies revealed LPS-induced hydrogenperoxide production by Gram-positive oral community members in response to E. coli, another intriguing question is whether F. nucleatum, as a Gram-negative bacterium carrying LPS on its cell surface, would experience similar resistance when encountering the Gram-positive species dominated O-mix. In this study, using established in vitro systems, we investigated the integration of F. nucleatum into our established model system, the O-mix community that was isolated from mice [15, 16] , as well as a human salivaderived microbial community (S-mix).
Materials and Methods

Bacterial Strains and Growth Conditions
Wild-type strain F. nucleatum 23726 and its mutant derivatives lacking each one of the large fusobacterial outer membrane proteins including Fn0254, Fn0387, Fn1449 (Fap2), Fn1526 (RadD), Fn1554, Fn1893, Fn2047, or Fn2058 (Aim1) [25] [26] [27] were cultivated in Brain Heart Infusion (BHI) (Difco, Detroit, MI, USA) supplemented with hemin (5 μg/ml), vitamin K (0.5 μg/ml), sucrose (0.1%), mannose (0.1%), and glucose (0.1%) at 37°C under anaerobic condition (nitrogen 85%, carbon dioxide 5%, hydrogen 10%). Thiamphenicol (MP Biomedicals, Irvine, CA, USA) at 5 μg/ml was used for selection and maintenance of F. nucleatum strains possessing the catP determinant. Other oral isolates, including mice oral isolate Streptococcus sanguinis OI101and human salivary isolate S. sanguinis SI101, were also grown in supplemented BHI medium.
The cultivated mice oral microbiota were recovered from a laboratory stock that was described in a previous study [16] . Briefly, 50 μl of BHI-cultivated O-mix stock was inoculated into 5 ml of supplemented BHI broth. The cultures were incubated at 37°C under anaerobic conditions until the exponential growth phase was reached.
Cultivating Human Saliva-Derived Microbiota (S-mix)
The preparation and establishment of the BHI cultivable Smix were performed under UCLA-IRB #09-08-068-02A as previously described [28] . Briefly, saliva samples were collected from three healthy subjects, ages 25 to 39, that were not being treated for any systemic disease or taking any prescription or non-prescription medications. Subjects were asked to refrain from any food or drink 2 h prior to donating saliva and expectorate 2 ml of saliva directly into the saliva collection tube. Saliva samples were pooled together and centrifuged at 2,600× g for 10 min to spin down large debris and eukaryotic cells. One milliliter of this pooled saliva sample was inoculated into 5 ml of BHI medium. The cultures were incubated under anaerobic condition at 37°C until turbid. Frozen stocks of cultured microbiota were prepared by adding glycerol to the samples to a final concentration of 25% and stored at −80°C as the stock of BHIcultivable S-mix, which was used in current study. Isolation and identification of major bacterial species within the Smix was performed as previously described [16] .
Co-aggregation of F. nucleatum and S. sanguinis Co-aggregation assays were performed in modified coaggregation buffer (CAB) containing 150 mM NaCl, 1 mM Tris-HCl pH 8, 0.1 mM CaCl 2 , and 0.1 mM MgCl 2 as previously described [29] . NaN 3 was not included in CAB due to its bactericidal effect. Bacterial cells were collected in mid-exponential phase of growth, washed, and re-suspended in reduced CAB to a final OD 600nm of 1. Equal volumes of each bacterial test species were added to the reaction tube, vortex-mixed for 10 s, and the suspensions were allowed to settle at room temperature under anaerobic condition for 10 min to allow the bacteria to attach to each other.
H 2 O 2 Production Assay
F. nucleatum wild-type and mutant strains, O-mix, and the original mice oral isolate S. sanguinis OI101 were grown to the mid-exponential growth phase, and cells were harvested and resuspended in fresh BHI medium to a final OD 600 of 1. The O-mix was mixed with different bacterial test strains or F. nucleatum co-aggregated with S. sanguinis at a 10:1 ratio before being subjected to the H 2 O 2 production assay.
The H 2 O 2 production assay was performed as previously described [30] . Briefly, spots of 5 μl of horseradish peroxidase (1 mg/ml) (Thermo Scientific, Rockford, IL, USA) were added onto a BHI agar plate containing 1 mg/ml leuco crystal violet (Acros Organics, NJ, USA). After the liquid was absorbed into the agar, 5 μl of the above mixtures was inoculated on top of the peroxidase containing spots. Plates were incubated overnight at 37°C under anaerobic condition and then inspected for the development of a purple color in and around the colony.
Quantitative Measurement of H 2 O 2 Concentration in Bacterial Culture
The H 2 O 2 concentration in bacterial co-cultures of O-mix or S-mix with F. nucleatum (pre-aggregated with and without S. sanguinis) was measured as previously described [31] . Briefly, 100 μl of bacterial co-culture was subjected to centrifugation at 14,000× g for 3 min. Twenty microliters of supernatant or a 1:2 serial dilution of supernatant with PBS was mixed with 20 μl of horseradish peroxidase (0.5 mg/ml) and 50 μl buffer solution (0.1 mg/ml of 3,3′,5,5′-tetramethylbenzidine, 0.05 M phosphate citrate buffer at pH 5.0). The mixture was incubated at room temperature for 1 min, and 100 μl of 2 M H 2 SO 4 was added to stop the reaction. Color intensity was measured at 420 nm using a microplate reader.
H 2 O 2 Susceptibility Tests
The MICs (minimal inhibitory concentrations) for H 2 O 2 were determined for F. nucleatum and major bacterial species within O-mix by the following dilution method: a twofold dilution series was prepared in BHI for H 2 O 2 concentrations between 0 and 5 mM. One hundred microliters of each dilution was added into individual wells of a 96-well plate. Exponentially growing cultures of each isolate were harvested, resuspended, diluted to 10 6 cfu/ml in fresh BHI medium, and 100 μl was seeded into the wells containing different concentrations of H 2 O 2 . Plates were incubated at 37°C overnight. MIC was defined as the lowest concentration that inhibited visible growth of bacteria.
F. nucleatum Cell Membrane Preparation
The F. nucleatum cell membrane was prepared as previously described [25] . Briefly, exponentially growing F. nucleatum cells were harvested, and the cell pellet was washed twice with PBS and resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, 10 mM β-mercaptoethanol, 1 mM EDTA, and 50 mM NaCl). Cells were passed three times through a French Press at 20,000 psi. Cell debris was removed by centrifugation (10,000× g at 4°C for 10 min). Membranes were pelleted by ultracentrifugation at 150,000× g for 30 min at 4°C, re-suspended in buffer, and stored at −80°C. Membrane protein concentrations were determined with the BCA protein assay kit (Pierce, Rockford, IL, USA).
Pronase-treated membrane was prepared by adding pronase (with a final concentration of 1 mg/ml) to the F. nucleatum membrane fraction obtained from~10 10 cells. The sample was incubated at 37°C for 3 h, followed by centrifugation at 150,000× g for 30 min at 4°C. The pellet was resuspended in buffer and stored at −80°C for later use.
Heat and Pronase Treatments of F. nucleatum Cells
Heat and pronase treatments of F. nucleatum cells were performed as previously described [25] . Briefly, exponentially growing F. nucleatum cells were harvested, washed two times, and resuspended in PBS to an OD 600nm of 1 prior to the following treatments: (1) heat treatment-cells were incubated at 90°C for 15 min; (2) pronase treatment-pronase was added to the cell suspension to a final concentration of 1 mg/ml, and the sample was incubated at 37°C for 3 h. After the above treatments, cells were spun down, washed three times, and resuspended in fresh PBS to a final OD 600nm of 1.
Two-Chamber Assay
O-mix, S. sanguinis, F. nucleatum wild-type, and its mutant derivative lacking radD were grown to the exponential growth phase, harvested, and resuspended in fresh supplemented BHI medium to OD 600nm of 1. The two-chamber assay was performed as previously described [15] . Briefly, 2 ml of the O-mix was inoculated into the bottom chamber of a 12-well plate containing a 0.4-μm PET membrane insert (Millipore, Billerica, MA, USA), while 0.7 ml of wild-type F. nucleatum was added to the top chamber. Alternatively, the O-mix, together with either F. nucleatum cell membranes, heat-killed, pronase-treated or untreated wild-type F. nucleatum cells (in a 5:1 O-mix to F. nucleatum ratio), or a co-aggregated F. nucleatum and S. sanguinis mixture were added to the bottom chamber, while wildtype F. nucleatum was added to the top chamber. Induction of killing under each condition was monitored by performing viable counts on the wild-type F. nucleatum in the upper chamber. Specifically, culture samples were taken periodically, vortexed for 1 min, subjected to serial dilution, and plated onto selective plates. Plates were incubated for 4 days at 37°C under anaerobic condition before colonies were counted.
Statistical Analysis
Significance of differences between average values was analyzed by Student's t tests.
Results
O-mix Killed F. nucleatum by Generating H 2 O 2 upon Physical Contact
Since the ability of F. nucleatum to interact with a variety of Gram-negative as well as Gram-positive oral microbes has been demonstrated in vitro predominantly on a one-on-one level [10] , little is known regarding the mechanisms involved in its integration into an existing oral community. Previous studies have shown that a biofilm community comprised of cultivable mice oral microbial microbiota (Omix), which is primarily comprised of Gram-positive bacte- Figure 1 Contact-dependent killing of F. nucleatum by the O-mix. a Two-chamber assay in which F. nucleatum (Fn) was inoculated into the upper chamber and physically separated from the O-mix in the lower chamber by a 0.4-μm-pore-size membrane (as shown in the small diagram). Viability of F. nucleatum (open bars) and O-mix (solid bars) was tracked every 12 h by determining viable counts. b Two-chamber assay in which F. nucleatum was added to the upper chamber, while Omix, together with F. nucleatum (at a 10:1 ratio), was inoculated into the lower chamber. Viability was monitored for O-mix and F. nucleatum in both chambers (black solid bars represent total viable counts of O-mix, gray bars and open bars represent viable count of F. nucleatum in the lower and upper chamber, respectively). Two independent experiments were performed in three replicates each, and average values±SD are shown. The asterisk indicates that the values of 12 and 24 h were significantly lower than the one for 0 h (Student's t test p value <0.05). c F. nucleatum triggers the release of H 2 O 2 in O-mix cells. O-mix and wild-type F. nucleatum were spotted individually or mixed together on BHI agar plates containing leuco crystal violet and horseradish peroxidase, and purple color development was monitored after overnight incubation. Three replicates were performed and a representative result is shown rial species that are closely related to human oral species (Supplementary Table 1) , has the ability to prevent community integration of Gram-negative "intruders" such as E. coli [16] . Intrigued by this observation, we employed the same two-chamber assay developed for that study to investigate the process of F. nucleatum integration into a preexisting oral community. F. nucleatum persisted when it was physically separated by a membrane from the O-mix cells while sharing the same culture medium (Fig. 1a) . However, when the lower chamber contained both O-mix and F. nucleatum cells, a reduction of more than three orders of magnitude in the viable counts was observed for F. nucleatum cells in both chambers at 12 h (Fig. 1b) , and no viable F. nucleatum cells were detected in both chambers after 48-h incubation (data not shown). This scenario resembled our previous study in which the same O-mix produced H 2 O 2 upon direct contact to inhibit the growth and prevent the integration of an E. coli gut isolate [15] . To investigate if the same mechanism was responsible for the reduction in F. nucleatum viable counts, we tested H 2 O 2 production of the O-mix in physical contact with F. nucleatum. Similar to E. coli, physical contact with F. nucleatum induced H 2 O 2 production in the O-mix as indicated by the intense purple color, while O-mix alone did not produce a significant amount of H 2 O 2 (Fig. 1c) The results of the two-chamber and H 2 O 2 production assays indicated that the O-mix cells generate H 2 O 2 upon physical contact with F. nucleatum cells. The following experiments were performed to examine if the triggering component(s) are located on the F. nucleatum cell surface and to distinguish if they are surface proteins, exopolysaccharides (EPS), or LPS: heat-killed or pronase-treated F. nucleatum cells were added to the lower chamber of the two-chamber setup together with O-mix cells, and the viability of wild-type F. nucleatum in the upper chamber was monitored periodically. Addition of heat-killed or pronase-treated whole cells of F. nucleatum did not result in any significant killing of the F. nucleatum cells in the upper chamber (Fig. 2) , indicating that heat-sensitive protein(s) were the triggering component (s). Untreated F. nucleatum cell membrane fractions induced killing to a level similar to whole cells, while pronase treatment greatly reduced this phenomenon (Fig. 2) . This was consistent with our hypothesis that the triggering components are likely F. nucleatum cell surface proteins. In an initial effort to identify these proteins, we tested the eight F. nucleatum mutant strains defective in individual large outer membrane protein (OMP) that we constructed previously [25] . These OMPs are candidate adhesion-like proteins and could potentially be involved in cell-cell interaction. However, none of mutants displayed a significant reduction in the ability to elicit killing (data not shown).
Adherence of Wild-Type F. nucleatum to S. sanguinis Decreased Induction of H 2 O 2 Production by the O-mix
The result in the previous section showed that the O-mix killed wild-type F. nucleatum by producing H 2 O 2 , which raised an interesting question: how does F. nucleatum manage to integrate and persist in supra-gingival biofilms which are dominated by Gram-positive bacteria? One of the remarkable features of F. nucleatum is its ability to adhere and form aggregates with a number of oral bacteria and thus plays pivotal roles in facilitating the development of oral community [9, 10] . We hypothesized that, in addition to facilitating biofilm development, co-adherence with other oral bacteria, such as streptococci, could "mask" the Gram-negative cell surface of F. nucleatum and allow its integration into the Omix. To test this hypothesis, we allowed wild-type F. nucleatum to adhere to one of its known partner species, S. sanguinis, prior to addition to the O-mix. Formation of aggregates between the two species was confirmed by phase-contrast microscopy ( Supplementary Fig. 1 ). The greatly reduced purple color development in the H 2 O 2 production assay (Fig. 3a) supported our hypothesis that adherence to S. sanguinis significantly decreased induction of this killing agent in the Omix by F. nucleatum. This finding was corroborated by twochamber assay data since F. nucleatum cells in the upper well displayed better survival when F. nucleatum aggregates with S. sanguinis (Fig. 3b) instead of F. nucleatum cells alone (Fig. 1b) were added to the lower chamber together with the O-mix. Meanwhile, the addition of S. sanguinis alone to the lower chamber together with the O-mix did not induce significant killing of F. nucleatum in the upper chamber (Fig. 3b) .
Furthermore, when F. nucleatum and S. sanguinis were included in the O-mix together without being allowed to adhere to each other prior to addition, H 2 O 2 was still produced at levels similar to the presence of F. nucleatum alone (Figs. 1c and 3a) , and the viability of F. nucleatum cells in the upper chamber was significantly reduced (about three orders of magnitude) within 12 h of co-cultivation in the two-chamber assay (Fig. 3b) .
The F. nucleatum Outer Membrane Protein RadD is Required for the Protection Mediated by its Adherence to Partner Species
RadD, one of the large fusobacterial outer membrane proteins, was previously identified as the arginine-inhibitable adhesin that mediates the adherence of F. nucleatum to early colonizers, including S. sanguinis [25] . To further investigate the protective effect of aggregate formation with S. sanguinis, we tested if a F. nucleatum mutant strain lacking radD would induce H 2 O 2 production in the oral microbiota since cells carrying this mutation are unable to adhere to a number of early colonizing partner species even under co-aggregation condition [25] . The F. nucleatum radD mutant strain was mixed with S. sanguinis in co-aggregation buffer prior to addition to the O-mix. H 2 O 2 production was monitored and the levels observed were similar to those measured upon the addition of wild-type F. nucleatum cells alone (Fig. 3a) . These results correlated with the two-chamber assay in which the mixture of the radD mutant and S. sanguinis treated under coaggregation conditions prior to addition to the O-mix in the lower chamber resulted in a drastic reduction in viable counts of wild-type F. nucleatum in the upper chamber (Fig. 3b) . Microscopic observation confirmed that the radD mutant failed to form aggregates with S. sanguinis even upon coincubation in co-aggregation buffer (Supplementary Fig. 1 ).
Adherence to S. sanguinis Renders F. nucleatum Less Sensitive to Killing by H 2 O 2 F. nucleatum adherence to S. sanguinis significantly reduced induction of H 2 O 2 production in the O-mix (Fig. 3a) . Next, we investigated if adherence to its interacting partner S. sanguinis can alter the sensitivity of F. nucleatum to the killing molecules generated by the O-mix using the twochamber assay. F. nucleatum and S. sanguinis cells were added separately but at the same time or after aggregate formation to the upper chamber, while F. nucleatum alone was mixed with O-mix in the lower chamber to induce H 2 O 2 production. Samples in the upper chamber were taken periodically for quantitative measurement of H 2 O 2 levels and monitoring of F. nucleatum viability. While there was no significant difference in H 2 O 2 concentration (~0.35 mM) between the two setups (data not shown), adherence of F. nucleatum to S. sanguinis prior to addition to the upper well resulted in an increased survival rate compared to F. nucleatum cells that were not allowed to form aggregates with its partner species (Fig. 4) .
Adherence to S. sanguinis Resulted in Better Survival of F. nucleatum Within a Human Saliva-Derived Microbial Community (S-mix)
The above data suggested that aggregate formation with partner species such as S. sanguinis through adherence enables F. nucleatum to evade detection and killing by the O-mix community isolated from mice. To confirm that this mechanism is involved in protecting F. nucleatum cells and facilitate their integration into the human oral microbial community, we cultivated an in vitro S-mix from human saliva samples. Similar to the O-mix that was used for the Figure 2 Induction of "diffusible killing factor" (H 2 O 2 ) by F. nucleatum cell fractions. Live wild-type F. nucleatum (Fn) cells were added to the upper chamber of the two-chamber system, while O-mix alone, or O-mix, together with heattreated, pronase-treated F. nucleatum cells, F. nucleatum membrane fraction, or pronasetreated membranes were inoculated to the lower chamber. Viability of wild-type F. nucleatum in the upper chamber in each setup (represented by the different bars) was monitored every 12 h. Two independent experiments were performed in duplicate each, and average values±SD are shown. The asterisk indicates significant differences between two values (Student's t test p value <0.05) majority of experiments performed in this study, the S-mix is mainly comprised of Gram-positive bacteria with a significant overlap in species (Supplementary Table 1 ) including streptococci and lactobacilli and the presence of F.
nucleatum triggered a higher level of H 2 O 2 production in S-mix as well (Supplementary Table 1 ).
To further investigate the effect of co-aggregation with its partner on the survival of F. nucleatum within S-mix, co- Figure 3 Induction of H 2 O 2 production by F. nucleatum cells with and without adherence to partner species. a H 2 O 2 production assay: O-mix samples mixed with either S. sanguinis (Ss), F. nucleatum (Fn) plus S. sanguinis [separately (+), after aggregate formation (/)], or the mutant derivative of F. nucleatum lacking RadD (radD) co-incubated with S. sanguinis under co-aggregation conditions (/) were spotted on to BHI agar plate containing leuco crystal violet and horseradish peroxidase. Purple color development was monitored after overnight incubation. Three replicate experiments were performed and a representative result is shown. b Two-chamber assay in which wild-type F. nucleatum (Fn) was inoculated into the upper chamber, while O-mix alone, together with S. sanguinis (Ss), or wildtype F. nucleatum and S. sanguinis (separately or after aggregate formation), or the F. nucleatum radD mutant and S. sanguinis (separately or after incubation under aggregation conditions) was inoculated into the lower chamber. Viability of wild-type F. nucleatum in the upper chamber of the different setups was monitored. Two independent experiments were performed in three replicates each, and average values±SD are shown. "/" indicates two species were treated with co-aggregation buffer prior to addition; "+" indicates two species were added at the same time but without prior co-aggregation. The asterisk indicates significant differences between two values (Student's t test p value <0.05) aggregation buffer treated F. nucleatum mixtures with the salivary isolate S. sanguinis SI101 were added to the S-mix in a 1:10 ratio. Co-cultures were incubated at 37°C, H 2 O 2 concentration was measured periodically, and viability of F. nucleatum was monitored every 12 h. Colony counting data revealed that, when co-cultivated with S-mix, F. nucleatum cells alone suffered a drastic reduction in their viable count. The proportion relative to the total oral bacteria count reduced from around 10% to less than 0.5% within 24 h of co-cultivation, while no significant change in the total bacterial count was apparent. Meanwhile, the viability decline of F. nucleatum forming aggregates with S. sanguinis within S-mix was significantly less compared to that of F. nucleatum cells alone (Fig. 5a) . Quantitative H 2 O 2 measurement revealed that co-cultivation of F. nucleatum alone with Smix resulted in a much higher production of H 2 O 2 by S-mix compared to the co-culture containing aggregates of F. nucleatum with S. sanguinis cells (Fig. 5b) .
Discussion
The spatiotemporal model proposed that the establishment of the oral community is a highly coordinated and tightly regulated event [9] , with adhesion of bacterial cells to each other being one of the crucial factors determining the presence of certain species within the structure of multispecies communities [10] . In addition, successful integration into a community requires that the incoming bacterial species are able to overcome the colonization resistance developed by the existing community [14] [15] [16] 32] . In this study, we investigated community integration of F. nucleatum, a Gramnegative oral bacterial species that performs an important function during microbial community formation through its ability to function as a "bridging" organism connecting the early and late colonizing microorganisms [9] [13] . In addition to its function in facilitating recruitment of late colonizing species which comprise a number of periodontal pathogens, F. nucleatum likely plays an active role in pathogenesis due to its ability to induce apoptosis in lymphocytes [33] . While these multifaceted tasks within the oral biofilm render F. nucleatum a key community member, the mechanism allowing it to overcome the integration resistance displayed by predominantly Gram-positive oral communities comprised of early colonizing species still remains to be investigated.
Previous studies have shown that the mere ability of a species to attach to members of an existing community is not sufficient to become part of a pre-existing biofilm. To successfully integrate into a community, an incoming bacterial species needs to overcome several "barriers", one of them being the colonization resistance developed by the rest of the community [14] . The colonization resistance could be the competition for colonization sites, or more importantly, the inhibitory effect exerted by other microbes within the community via the production of inhibitory compounds [15, 34] . The data presented here revealed that wild-type F. nucleatum suffered a great loss in viability upon addition to cultivable mice oral microbial community (O-mix) (Fig. 1b) . This reduced survival in the presence of the Omix was due to contact induced production of H 2 O 2 , a Figure 4 Survival of F. nucleatum in aggregates with S. sanguinis and non-aggregated cells. The two-chamber assay in which aggregated (Fn/Ss) and non-aggregated (Fn+Ss) F. nucleatum and S. sanguinis cells were added to the upper chamber, while F. nucleatum cells alone were co-cultured with O-mix in the lower chamber. Samples in the upper chamber were taken periodically to monitor F. nucleatum viability. Two independent experiments were performed in three replicates each, and average values±SD are shown. The asterisk indicates significant differences between two values (Student's t test p value <0.05) mechanism found to be involved in the community resistance against integration of E. coli, a Gram-negative species that was not a commensal oral bacterium [15] . F. nucleatum is more sensitive to this bactericidal agent than the Grampositive isolates present in the O-mix and therefore being killed at concentrations that do not affect the rest of the community (Supplementary Table 2 ). Further analysis showed that, unlike E. coli which triggered the production of H 2 O 2 by O-mix via its membrane associated LPS [15] , the triggering component(s) of F. nucleatum are likely membrane associated proteins (Fig. 2 ) which yet remain to be identified.
To facilitate their integration into existing microbiota, bacteria have evolved diverse strategies to overcome communitybased colonization resistances. For example, instead of competing for abiotic colonization sites, some bacteria adhered to other resident bacteria to achieve the first step in integration [35, 36] ; in other cases, certain bacterial species neutralized the inhibitory compound or converted it to substances that are toxic to competing organisms [11, 37, 38] . Our data indicate that F. nucleatum overcomes community resistance by adhering to oral streptococci, a strategy resembling the one employed by many bacterial symbionts or pathogens to evade the detection by host defense systems. For example, as a commensal bacterium of the human gastrointestinal tract, Bacteroides fragilis is able to decorate its surface capsule polysaccharides and glycoproteins with L-fucose, an abundant surface molecule of intestinal epithelial cells, thus evading being recognized as "foreign" [39] . Many bacterial pathogens carry complement regulator-binding proteins, such as the factor H-binding protein (fHbp) in Neisseria meningitides [40] , the outer surface protein E (OspE) in Borrelia burgdorferi [41] , and the pneumococcal surface protein C (PspC) in Streptococcus pneumoniae [42] . Through these proteins, Figure 5 Survival of F. nucleatum aggregated and non-aggregated with S. sanguinis within S-mix. a Co-aggregation buffer treated (Fn/ Ss) and non-treated (Fn+Ss) F. nucleatum and S. sanguinis SI101 mixture were co-cultivated with S-mix in a 1:10 ratio in cell numbers. The viability of F. nucleatum (Fn) and S-mix was monitored every 12 h. The data were expressed as percentage of viable count of F. nucleatum to the total viable count of S-mix. b Quantitative measurement of H 2 O 2 production. The H 2 O 2 concentration within the co-cultures was monitored every 12 h. Two independent experiments were performed in three replicates each and average values±SD are shown. The asterisk indicates significant differences between two values (Student's t test p value <0.05) pathogens are able to recruit and "disguise" themselves with host complement regulators, and are recognized by the host as self and protected from complement-mediated killing.
Our study provided an intriguing addition to the strategies used by bacterial species to survive and integrate themselves into a community. Adherence of F. nucleatum to S. sanguinis significantly reduced the induction of H 2 O 2 production in the O-mix (Fig. 3) , likely by "masking" the triggering surface component(s) as a result of binding between the partner species. This "masking" effect was lost in the F. nucleatum mutant lacking radD which encodes an outer membrane protein mediating the adhesion between F. nucleatum and early colonizers, including S. sanguinis (Fig. 3) . At the same time, binding to S. sanguinis increased the resistance of F. nucleatum to H 2 O 2 (Fig. 4) . It has been shown that adhesion with Actinomyces naeslundii protected Streptococcus gordonii from oxidative damage due to catalase production by A. naeslundii [43] . It is unlikely that a similar mechanism could be responsible for the protective effect we observed in this study since no catalase activity has been reported in S. sanguinis. However, increasing evidence suggests that binding between two oral bacterial species could result in different gene expression pattern which could enhance survival within a multispecies community. For example, Streptococcus gordonii up-regulated several genes when co-aggregated with Actinomyces oris compared with co-culture [44] ; while a proteomics analysis of Porphyromonas gingivalis revealed that, when coaggregated with F. nucleatum and S. gordonii, 403 proteins were down-regulated and 89 proteins were up-regulated compared to the cultures of P. gingivalis alone [45] . When adhered to F. nucleatum or S. gordonii, many DNA repairrelated proteins are down-regulated in P. gingivalis, while PGN0090, a phoH family protein with proposed function in oxidation protection increased in abundance [45] . Furthermore, a recent microarray analysis comparing planktonic cells of F. nucleatum with those autoaggregated by the presence of saliva showed that nearly 100 genes were differentially regulated after 60 min of aggregation [46] . Autoaggregation was suggested to activate a transcriptional response that could prepare cells for growing in the high cell density environment of oral biofilms. Collectively, these studies showed that there is a far more complex cellular response after cell-cell contact or aggregate formation. The change in post-aggregational gene expression could prepare bacterial species to better cope with the environmental stress experienced within the multispecies communities.
The data obtained from human salivary microbiota (Smix) study (Fig. 5 ) further supported our hypothesis that adherence with early colonizer, such as S. sanguinis, could facilitate F. nucleatum integration into Gram-positive bacteria dominated supragingival microbial community. Although binding between F. nucleatum and S. sanguinis was achieved under artificial condition in our in vitro systems, the physical association of F. nucleatum and other bacteria including streptococci in vivo has been well documented [13, 47] . Within dental plaque, F. nucleatum is often found in "corncob" formations with streptococci, a structure that was originally regarded to serve as a connecting link between Gram-positive dominated supragingival and Gramnegative dominated subgingival plaque [47] . Our study suggested that adherence of F. nucleatum to streptococci facilitates integration into oral communities that are dominated by Gram-positive bacteria (supragingival or initial subgingival communities). Being decorated with streptococci could help F. nucleatum evade detection by oral species which respond to the presence of F. nucleatum alone by the production of H 2 O 2 . Adherence to its partner species could also trigger a specific cellular response in F. nucleatum cells and result in increased resistance to environmental stress, such as the exposure to H 2 O 2 .
Due to the limitation of culture-dependent methods, the results we obtained using an in vitro system cannot entirely represent the real situation in the oral cavity. We would expect a far more complex process during the integration of F. nucleatum into the oral community, which might involve extensive bacterial inter-species and bacteria-host interactions. Nevertheless, our results provide important insights into one of the possible mechanisms by which the "bridging" bacterium, F. nucleatum, integrates into supragingival or initial subgingival communities dominated by Gram-positive species.
